Traditionally, it has been assumed that all acclimation changes to the phenotype enhance the performance of an individual organism in the environment in which those changes were induced (beneficial acclimation hypothesis [BAH]), a theory that has been repeatedly challenged in recent years. We here use a full-factorial design with 2 developmental and 2 acclimation temperatures to test their effects on reproductive performance in the tropical butterfly, Bicyclus anynana. Competition experiments among virgin males from different thermal groups revealed that, at 20°C, both groups acclimated to 20°C achieved more than twice as many matings as those acclimated to 27°C, whereas at 27°C, only one group (acclimated to 27°C) outperformed all others. Chill-coma recovery times were also longer for butterflies that developed at higher temperatures, indicating that butterflies responded physiologically to the temperatures at which they were reared. Our results support the BAH at least in part, and do not support any alternative hypotheses.
R ecent developments in evolutionary physiology, in particular the use of more hypothesis-driven approaches in physiological research, have stimulated a renewed interest in the magnitude and nature of nongenetic effects on an organism's phenotype (Nylin and Gotthard 1998; Feder et al. 2000; Wilson and Franklin 2002; Woods and Harrison 2002) . Only recently, we have begun to understand the mechanistic basis of phenotypic plasticity and its potential role in organismal ecology and evolution (Stearns 1989; Scheiner 1993; Via et al. 1995) . A fundamental question now is whether plasticity is adaptive or merely a biochemical or physiological interaction of the organism with its environment (Gotthard and Nylin 1995) .
As a result, the significance of acclimatory changes has received substantial attention, primarily through the examination of the acclimatory responses of ectotherms to temperature (Leroi et al. 1994; Zamudio et al. 1995; Huey and Berrigan 1996; Bennett and Lenski 1997; Huey et al. 1999; Gibert, Huey, Gilchrist 2001; Wilson and Franklin 2002; Woods and Harrison 2002) . Traditionally, it has been assumed that all acclimation changes to the phenotype act to enhance the performance of an individual organism in the environment where those changes were induced (beneficial acclimation hypothesis [BAH] ; Leroi et al. 1994) . Such responses can be expected in all cases where the costs of acclimation do not outweigh their benefits (e.g., Hoffmann 1995; Scott et al. 1997; Scheiner and Berrigan 1998) . Although intuitively appealing, only a few studies support the BAH (e.g., Nunney and Cheung 1997; Fischer, Eenhoorn, et al. 2003) , whereas the majority of experimental analyses to date have rejected its generality (reviewed in Wilson and Franklin 2002; Woods and Harrison 2002) . The negative results are surprising because many studies showed a survival advantage at extreme temperatures for animals that had been previously exposed to less extreme temperatures (e.g., Sejerkilde et al. 2003; Sørensen et al. 2003) .
This raises an important but currently unresolved question: why have so many studies rejected such an intuitive hypothesis? Three potential problems with studies testing the BAH have been recognized: 1) most studies thus far should be considered elegant tests of developmental plasticity (a usually nonreversible cascade of phenotypic changes due to differences in the developmental environment) rather than of acclimation (a reversible, facultative response to changes in a single environmental variable in the adult stage; Leroi et al. 1994; Benett and Lenski 1997; Willmer et al. 2000; Wilson and Franklin 2002) ; 2) tests frequently included stressful environments, and long-term exposure to these will depress performance in all subsequently experienced environments (Leroi et al. 1994; Benett and Lenski 1997; Huey et al. 1999; Wilson and Franklin 2002; Woods and Harrison 2002) ; and 3) some of the traits examined were only indirectly related to fitness (Gibert, Huey, Gilchrist 2001; Wilson and Franklin 2002) .
We here set out to test acclimation effects on reproductive performance using the tropical butterfly Bicyclus anynana (Butler 1879) as model organism. We used a full-factorial design with 2 developmental and 2 adult (i.e., acclimation) temperatures (20 and 27°C). In our experiments, males with different thermal histories competed for a single virgin female (cf., Wilson and Franklin 2002) . The mating success of males may depend on locomotor or general activity, which has been shown to acclimate to temperature in a variety of taxa (Prosser 1991) . Based on the BAH, it is predicted that, at the low temperature (reduced activity levels), cool-acclimated males should be more successful than warm-acclimated ones and vice versa. Note, however, that the latter might not necessarily be the case. The higher temperature chosen here should allow high levels of activity for all butterflies, not only for warmacclimated ones (one could even imagine overcompensation of cold-acclimated ones). A clear advantage of warm-acclimated individuals may not be visible unless test conditions include stressfully high temperatures. However, our design allows us to explore the following alternative, though not mutually exclusive hypotheses (Leroi et al. 1994; Zamudio et al. 1995; Huey and Berrigan 1996; Huey et al. 1999 ): 1) random mating (null hypothesis); 2) BAH: best performance when test temperature matches acclimation temperature; 3) developmental plasticity: best performance when test temperature matches developmental temperature; 4) best performance at warmer developmental temperature; and 5) best performance at colder developmental temperature. In addition, we investigate whether mating success is affected by relative eyespot size or male body size.
To investigate whether the selected temperatures were sufficiently divergent to induce clear physiological changes, we also tested for differences in chill-coma recovery times (defined as the time elapsed until a butterfly was able to stand up after cold exposure) between temperature groups. This recently developed method has proved to be a rapid and sensitive index of climatic adaptation for Drosophila and at least one butterfly species (David et al. 1998; Macdonald et al. 2004; Zeilstra and Fischer 2005) .
Our study system is appropriate for testing the BAH for several reasons. First, B. anynana lives in a seasonal environment with a colder dry season and a warmer wet season. The temperatures chosen for our experiments are similar to the ones experienced by the butterflies in the field during the dry and wet season, respectively (Brakefield and Reitsma 1991; Brakefield and Mazzotta 1995) . Thus, we did not include marginal temperatures, but ones the butterflies should be well adapted to. Second, the trait examined (male mating success) is undoubtedly closely related to fitness (Wilson and Franklin 2002) . Third, male competition experiments have been successfully used in this species in other contexts (Beldade 2002; Joron and Brakefield 2003; Robertson and Monteiro 2005) .
METHODS

Study organism and experimental population
B. anynana is a tropical, fruit-feeding butterfly distributed from southern Africa to Ethiopia (Larsen 1991) . This species exhibits striking phenotypic plasticity with 2 seasonal morphs, which is thought to function as an adaptation to alternate wet-dry seasonal environments and the associated changes in resting background and predation (Brakefield 1997; Lyytinen et al. 2004) . Reproduction is essentially confined to the warmer wet season when host plants are abundantly available and where 2-3 generations occur. Toward the end of the wet season, there is a marked decrease in temperature, starting several weeks before larval food plants dry out. During the colder dry season, reproduction ceases and butterflies do not mate before the first rains at the beginning of the next wet season (Windig 1994; Brakefield 1997) . Morphs are gradually replaced during seasonal transitions. Thus, both phenotypes may occur simultaneously (Brakefield and Reitsma 1991) . For mate location, male B. anynana butterflies employ a perch-and-chase strategy. Close-range courtship signals involve the flickering of the male's wings and the release of pheromones, followed by attempts by the male to latch onto the female's abdomen. As perching males can be found in high densities, they are frequently involved in circuit and chasing flights (Brakefield and Reitsma 1991; Joron and Brakefield 2003) .
For this study, butterflies from the Bayreuth stock population were used. A laboratory stock population of B. anynana was established in 2003 from several hundred eggs derived from a well-established stock population at the University of Leiden, the Netherlands. The Leiden population was founded in 1988 from more than 80 gravid females collected at Nkhata Bay, Malawi. In each generation, several hundred individuals are reared, maintaining high levels of heterozygosity at neutral loci ( Van't Hof et al. 2005) .
Butterfly rearing
B. anynana eggs collected from several hundred adults were randomly divided among a high (27°C) and a low rearing temperature (20°C; relative humidity 70% and 12:12 h light: dark throughout). The temperatures chosen are similar to the daily highs during the wet and dry season (Brakefield and Reitsma 1991) . To synchronize adult eclosion, 2 generations were reared at 27°C prior to experiments but only one at 20°C (development at 20°C takes roughly twice as long as it does at 27°C; . Prior to this experiment, the stock population was reared for several generations at 20°C. Larvae were kept in population cages and were fed on young maize plants. The cages were checked daily for pupae, which were weighed to the nearest 0.01 mg on the day after pupation. Afterward, pupae were kept individually until adult eclosion. After eclosion, all butterflies were individually marked and once again randomly divided among 20 and 27°C, resulting in 4 treatment groups with different thermal histories (developmental temperature/adult temperature): 27/27°C, 27/20°C, 20/20°C, and 20/27°C. Throughout, male and female butterflies were kept apart until the experiments started. Butterflies were fed daily with moist banana throughout all experiments.
Cold tolerance
To test for physiological responses to temperatures, butterflies from all thermal groups were exposed (after varying acclimation periods of 1, 2, 3, or 4 days at 20 or 27°C) for 19 h to 1°C. For testing, butterflies were placed individually in small translucent plastic cups (125 ml), which were arranged on a small tray in a randomized block design. Each block consisted of 18 butterflies (4 thermal groups 3 4 acclimation periods, plus 2 freshly eclosed butterflies being reared at 20 and 27°C, respectively, to test for effects of developmental temperature). After cold exposure, butterflies were transferred to an environmental cabinet with a constant temperature of 20°C and chill-coma recovery times (defined as the time between taking the tray out of the refrigerator until a butterfly was able to stand on its legs) were measured. Butterflies were monitored for a maximum of 90 min. A total of 31 blocks were analyzed, with those missing more than 2 values (due to recovery times longer than 90 min or death) being discarded. For cold tolerance assays, all butterflies were only used once. An excess of male butterflies was needed for the mating experiments described below, and thus cold tolerance experiments tested mostly female butterflies. However, pilot experiments demonstrated that there is no sex difference in recovery times (Table 1B ; see also Zeilstra and Fischer 2005) .
As in the above experiment, the 27/20°C group responded remarkably fast to the temperature change (Figure 2A ), the first 24 h of the acclimation response was investigated in more detail. Therefore, chill-coma recovery time was analyzed after acclimation periods of 0, 6, 12, 18, and 24 h at 20°C.
Mating experiments
Each mating trial involved competition among 4 randomly chosen 3-to 5-day-old virgin males (one from each thermal group) for a single female in a cylindrical net cage (diameter 38 cm, height 10 cm) at either 20 or 27°C. Such assay conditions have been successfully used before in B. anynana (Beldade 2002; Robertson and Monteiro 2005) . Direct competition among males frequently occurs in the field in this Geister and Fischer • Testing the beneficial acclimation hypothesis 659 species (see above). As females show low levels of polyandry only and do reject courting males (Brakefield and Reitsma 1991; Brakefield et al. 2001) , female choice should prevail in this system. Nevertheless, male mating success seems to depend strongly on persistence and aggressiveness in latching onto the female's abdomen. To ensure equal opportunities for all males, the ones not being kept at the respective test temperature were introduced into the cages first in order to allow for adjustment of body temperature. We tested for the time period needed by measuring thoracic temperature of male butterflies in 15 s intervals after a temperature transfer. This was done by inserting a hypodermic needle probe with a copper-constantan thermocouple (Omega Hyp0-33-1-T-G-60-SMP-M), connected to a digital thermometer (Omega HH21), into the males' thorax. According to these results (Figure 1 ), the other 2 males were introduced 5 min later. Finally, a single, 2-day-old virgin female (from the 27/27°C group at 27°C and from the 27/20°C at 20°C) was released into each cage to start the trial. To minimize variation in female phenotype, only females that had developed at 27°C were used in the experiment. Cages were checked for matings every 15 min for the following 8 h (mating in B. anynana lasts about 30 min; Joron and Brakefield 2003) . The first male to mate was scored as ''winner,'' and the trial was terminated thereafter. Butterflies were only used once for mating trials. At the 2 test temperatures, 60 and 61 matings were recorded in 85 (27°C) and 132 (20°C) trials. In addition to pupal mass (see above), forewing length (from basal margin to apex) and the size of the posterior eyespot (horizontal diameter relative to forewing length) were measured for the males tested at 20°C. To do this, the right, ventral forewings were photographed using a digital camera (Leica DC300) mounted on a binocular microscope (Leica MZ 7.5). The resulting images were analyzed using the freeware Scion Image (release Beta 4.0.2, www.scioncorp.com).
Data analysis
The data from the cold shock experiment were analyzed using a 3-way analysis of covariance (ANCOVA), with developmental temperature, acclimation temperature, and acclimation time as fixed factors and pupal mass as covariate. All data were transformed into percentage deviations from block means to even out slight temperature differences across experimental blocks caused by position within the refrigerator. Such variation can largely affect recovery time (data not shown). To meet ANCOVA requirements, data were log-transformed prior to analysis.
The statistical analysis of the mating experiments is complicated by the nonindependence of data (if one male wins, the other 3 lose and thus their scores are not independent). Therefore, we used 2 approaches. First, distributions of successful matings across thermal groups were tested against even distributions using v 2 tests. To adjust for multiple pairwise comparisons, a sequential Bonferroni correction was applied. Second, to simultaneously test for effects of developmental temperature, acclimation temperature, and different covariates (pupal mass, forewing length, and/or relative eyespot size) on the mating success of B. anynana males (binary data: successful or unsuccessful), we calculated generalized nonlinear models (GNLM) with a binomial error distribution and a logit-link function. This was problematic due to the nonindependence of data. However, all group differences are supported by the above v 2 tests. We decided to present the GNLM results here because they give a much more complete picture due to the inclusion of covariates and the possibility to compute interaction terms (see also Zamudio et al. 1995) . All statistical tests were performed using Statistica 6.1. Unless otherwise stated, all means are given 61 standard error.
RESULTS
Cold tolerance
Recovery after cold exposure was significantly affected by developmental temperature, acclimation temperature, and acclimation period (Table 1A) , with animals being reared or maintained at the higher temperature needing longer time to recover from chill coma than those at the lower temperature ( Figure 2A) . Effects of the developmental temperature were also visible on the day of eclosion: animals reared at 27°C (25:40 6 0:53 min) showed significantly longer recovery times than those reared at 20°C (13:44 6 0:37 min, Mann-Whitney U test: U ¼ 234.5, n ¼ 58, P ¼ 0.004). On subsequent days, however, acclimation temperature was the most important factor affecting cold tolerance. Animals kept at the cooler temperature recovered on average 23 min earlier than their counterparts at the higher temperature. Although recovery times increased with the length of the acclimation period when adults were kept at 27°C, a comparable pattern did Table 1A ). Note that an acclimation response to a temperature change occurs within 1 day when individuals are transferred from 27 to 20°C ( Figure 2B ) or 2 days when individuals are transferred from 20 to 27°C (Figure 2A ). Males and females had very similar recovery times (P ¼ 0.66) when tested after acclimation periods of 2 days (Table 1B; In summary, these results demonstrate that B. anynana does show physiological responses to developmental and acclimation temperature, with the latter being induced within 48 h at the latest. Consequently, the acclimation periods between 3 and 5 days for males used in the mating experiments below were sufficient to allow for physiological responses.
Mating experiments
At the higher test temperature, the group reared at 20°C but acclimated to 27°C (20/27°C) was the most successful group that gained 45% of all matings. The other groups succeeded in only 17-20% of the successful mating trials, resulting in a significant deviation from an even distribution across temperature groups (v Significant P values are given in bold. df ¼ degrees of freedom.
Geister and Fischer • Testing the beneficial acclimation hypothesis 661 others (suggesting that neither developmental nor acclimation temperature is most important) is also indicated by a significant interaction between developmental and acclimation temperature in the GNLM analysis (Table 2A) . Statistical trends for acclimation temperature and pupal mass indicate tendencies toward a higher mating success of warm-acclimated and larger males. The largest out of the 4 competing males within a trial won in 20 of 60 matings, 12 of which belonged to the 20/27°C group ( Figure 3 , Table 3A ). Thus, there was no general advantage of being particularly large. Only the smallest male within in a given trial had a significant disadvantage, succeeding in only 5 trials (v 2 3 ¼ 8:94, n ¼ 57, P ¼ 0.03). Mating success in the remaining 3 body rank groups was closely similar (v 2 3 ¼ 0:50, n ¼ 52, P ¼ 0.78; Table 3A) . At the lower test temperature, both groups acclimated to 20°C achieved more than twice as many matings (27/20°C: 33%; 20/20°C: 39%) as their counterparts acclimated to 27°C (27/27°C: 15%; 20/27°C: 13%). This again results in a significant deviation from an even distribution (v 2 3 ¼ 12:51, n ¼ 61, P ¼ 0.006; 20/20°C ¼ 27/20°C . 20/27°C ¼ 27/27°C, pairwise post hoc comparisons; note that groups 27/20°C and 27/27°C do not differ significantly: P ¼ 0.019, adjusted significance threshold P ¼ 0.017; Figure 3 ). Thus, when tested at 20°C, the single most important factor affecting mating success is a priori acclimation to the test temperature (see also Table 2B ). Similar to the results at 27°C, 16 out of 61 matings were won by the largest male within a trial. Three of these originated from the 27/20°C group and 10 from the 20/20°C group (Table 3 ). The distribution of winners across body ranks did not differ significantly from an even distribution (v 2 3 ¼ 2:47; n ¼ 59, P ¼ 0.49). A comparable pattern was found when using wing size as a proxy for body size, though the smallest males succeeded in 8 trials only (v 2 3 ¼ 5:00; n ¼ 61, P ¼ 0.17; Table 3C ). Also, relative eyespot size did not affect mating success (v 2 3 ¼ 0:18; n ¼ 61, P ¼ 0.98; Table 3 ). Figures refer to the number of males per thermal group that had won a mating trial involving competition of 4 virgin males for a single virgin female (see text). At 27°C, only pupal mass was measured as proxy for body size (A), whereas at 20°C, forewing length and eyespot size were measured in addition (C, D).
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In accordance with the above results, a GNLM showed a statistical trend toward an effect of pupal mass, while neither relative eyespot size nor developmental temperature were significant predictors for mating success (Table 2) . Replacing pupal mass by forewing length shows a significant effect of that trait on mating success, with successful males having, on average, 2.6% longer forewings than unsuccessful ones (Table 2) . Nevertheless, acclimation temperature remains a significant factor. Note that, if body size were of prime importance, the groups reared at 20°C would be expected to be most successful, because these males attained higher pupal masses than the groups reared at 27°C (156.85 6 1.23 mg, n ¼ 238 vs. 141.09 6 1.39 mg, n ¼ 241; t-test: t 477 ¼ ÿ8.50, P , 0.001; in accordance with the temperature-size rule; Atkinson 1994; Chown and Gaston 1999) . Likewise, the eyespots of B. anynana responded plastically to rearing temperature (27 . 20°C, Mann-Whitney U test: U ¼ 1238.0, n ¼ 244, P , 0.001; Brakefield and Reitsma 1991), but their size had no detectable effect on mating success.
In conclusion, mating success was not evenly distributed across thermal groups at either test temperature, with the respective patterns differing strikingly between 20 and 27°C (v 2 3 ¼ 57:88; n ¼ 121, P , 0.001; Figure 3 ).
DISCUSSION
Cold tolerance
Chill-coma recovery times as a nonlethal index of cold tolerance have been shown to be a sensitive and reliable tool for demonstrating climatic adaptation of different Drosophila species and populations (David et al. 1998; Gibert, Moreteau, et al. 2001; David et al. 2003; Macdonald et al. 2004) . Most studies using this technique have concentrated on geographic variation in cold tolerance (e.g., David et al. 2003) or on the underlying mechanisms of cold resistance (e.g., Macdonald et al. 2004) . In this study, we used this technique to demonstrate plastic responses after a temperature change. Both developmental and acclimation temperature influenced recovery times of B. anynana in a similar way (Ayrinhac et al. 2004; Rako and Hoffmann 2006) . Colder temperatures generally led to shorter recovery times than warmer ones. Recovery times changed quickly after a transfer to a different temperature: adjustments occurred within 24 and 48 h in the groups transferred from 27 to 20°C and 20 to 27°C, respectively. The increase in recovery time with the length of the acclimation period at 27°C but not at 20°C may indicate accelerated rates of aging at the higher temperature, although longevity has not been observed to differ between individuals at both temperatures . In any case, the above results indicate that the acclimation temperatures and periods chosen for the mating experiments were sufficient to induce pronounced physiological responses. These results were fully supported measuring heat knockdown times in a comparable set up: butterflies acclimated to 27°C had a significantly enhanced heat stress resistance than the ones acclimated to 20°C (Fischer K, Pflicke C, Geister TL, in preparation) .
Mating experiments
Overall mating success was much higher at 27°C as compared with 20°C, as was expected based on the much higher activity levels of the butterflies at the higher temperature. Our experiments suggest that temperature acclimation may greatly affect mating success in B. anynana. Either one (at 27°C) or both (at 20°C) groups acclimated to the respective test temperature had a clearly increased mating success. In contrast to some other studies (e.g., Leroi et al. 1994; Zamudio et al. 1995; Huey and Berrigan 1996; Huey et al. 1999) , there was no general advantage from developing at any specific temperature here, but only 2 temperatures were tested (see Huey and Berrigan 1996) . This difference may at least in part be due to the inclusion of stressful temperatures in earlier studies (Woods and Harrison 2002) .
Despite differences in mating patterns between the 2 test temperatures, the BAH is fully supported at 20°C only. The outcome at 27°C, in which the 20/27°C group outperformed all others, was not predicted by any hypothesis. We do not really have an explanation for this pattern, though differences in body size are likely to be involved. Particularly small males had a disadvantage in the competition experiments, but the opposite tendency (advantage of particularly large ones) was absent. Considering the 2 groups acclimated to 27°C, the group of larger size was on average most successful (see also below). The outcome at 27°C was more difficult to predict because butterflies acclimated to 20°C should also be able to maintain high levels of activity at a warmer temperature.
In contrast to temperature, the relative size of the posterior eyespot had no detectable effect on mating success in our study (at 20°C). Using an artificially increased spectrum of dorsal eyespots, Breuker and Brakefield (2002) demonstrated that female B. anynana refused to mate with males having extremely small dorsal eyespots, whereas Beldade (2002) found no effect of male dorsal and ventral eyespot size on female mate choice. A recent study suggests that the only feature under selection by females might be the males' central white pupil (Robertson and Monteiro 2005) . Clearly, more data are needed to fully elucidate the function and importance of wing patterns on mate choice in B. anynana.
Body size, however, did affect mating success to some extent (see also above): also at 20°C, if nonsignificantly, the smallest males per trial (measured as forewing length) seemed to have a disadvantage (also note the trends toward a higher mating success of males with a higher pupal mass at 20 and 27°C in the GNLM). This was expected because male size is known to be important in territorial contests of butterflies and other insects (Wickmann 1985; Archer 1988; Rosenberg and Enquist 1991; Kemp and Wiklund 2001) . However, temperature remains a significant and the most important predictor regardless of variation in body size. Based on the fact that body size ranks of winning males differed only at 27°C from an even distribution (and on the effect sizes in the GNLM, Table 2 ), body size is of subordinate importance compared with acclimation temperature. Further, the patterns found suggest a disadvantage for the smallest individual within a contest, rather than a general advantage of being large. If size had been of prime importance, the males from the low developmental temperature would be expected to be the most successful ones throughout due to their larger size. This, however, is not the case.
To summarize, analyses of chill-coma recovery times showed that acclimation responses to temperature occur quickly in B. anynana. Further, mating success of B. anynana males was affected in part by acclimation to test conditions. With regard to the hypotheses outlined above, we found no support for hypotheses: 1) random matings, 3) developmental plasticity, 4) better performance at warmer developmental temperatures, 5) better performance at colder developmental temperature, and 6) mating success is determined by relative eyespot size. There was some support for the bigger is better hypothesis. Our results partly favor the BAH, but more studies that address developmental and acclimation effects are needed before any general conclusions will be possible. 
